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ABSTRACT

The Pinguiophyceae are a new class ofphotosynthetic stramenopiles consisting of

five monotypic genera. These chromophyte microalgae have an unusually high

percentage of polyunsaturated fatty acids (PDFAs), especially eicosapentaenoic acid

(EPA), though the function of these compounds within the cell is unknown. This high

PDFA content and composition make these algae favorable candidates for mariculture

and for the nutraceutical industry. Chosen for this study was one member of this class,

Pinguiococcus pyrenoidosus, which has been observed to possess lipid-like, electron

transparent vacuoles during late stationary phase growth. This study investigated the

physiological ecology and fatty acid chemistry ofPinguioco. pyrenoidosus grown in

batch and continuous culture. The results revealed that Pinguioco. pyrenoidosus appears

to be an obligate phototroph, uses ammonium as a nitrogen source, and can tolerate a

wide range of salinity. This alga contains a high concentration of EPA and other PDFAs

including docosapentaenoic acid (DPA), which was previously undetected in this species.

PDFA content and composition increase at lower temperatures and in late stationary

phase growth. These data suggest that Pinguioco. pyrenoidosus utilizes PDFAs as both

storage compounds and regulators of membrane fluidity. Maximum PDFA concentration

was found in batch culture during late stationary phase growth whereas maximum PDFA

production rates were found in continuous culture and reached a plateau at a growth rate

of~50% Ilmax.
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CHAPTER 1. INTRODUCTION

Lipids are operationally defined as those organic compounds that are freely

soluble in nonpolar organic solvents and include a wide range of functional and storage

molecules such as triglycerides (triacylglycerols), phospholipids, waxes, hormones,

vitamins, sterols, pigments, and fatty acids (FAs). The latter exhibit a high degree of

structural diversity and are used for the biosynthesis of lipid storage products and

biological membranes (see below). In plant cells, the major site of synthesis for FAs is

the plastid stroma (for review see Harwood 1996). Synthesis begins with acety1-CoA as

initiator and elongates by repeated increments of two carbons provided by malonyl-ACP.

The FAs discussed in this work are listed in Table 1 with their alphanumeric

abbreviations, common names and chemical names.

Polyunsaturated fatty acids (PDFAs) are specialized FAs, characterized by the

presence of more than one double bond. In the omega-3 (003) family ofFAs, the first

double bond is located three carbon atoms from the terminal methyl group (Figure 1).

PDFAs are synthesized almost exclusively by plants and are seldom found as free fatty

acids (FFAs) within a cell as they are toxic to the cell in high concentrations. FFAs in the

cell are associated with cell senescence (Gepstein 1988), pathological infection

(Slusarenko et al. 1991), and physical damage (Galliard 1980). PDFAs are commonly

esterified to alcohols such as glycerol to produce acylglycerols or phospholipids. It has

been shown that in some plants PDFAs can be translocated from the cytoplasm to the

organelles and vice versa (Kunst et al. 1989, Ha & Thompson 1992, Miquel & Browse

1992).
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Table 1. Fatty acids discussed in this research listed with alphanumeric
abbreviation, common name and chemical name.

Abbreviation Common name Chemical name

Oleic

Behenic

Myristic

DPA
DHA

Palmitic
Margaric
Stearic
Arachidic

Polyunsaturated fatty acids
Linoleic 9,12-0ctadecadienoic

6,9-0ctadecadienoic
Octadecatrienoic
8,11,14-Eicosatrienoic
5,8,11,14-Eicosatetraenoic
5,8,11,14,17-Eicosapentaenoic
7,10,13,16-Docosatetraenoic
4,7,10,13,16-Docosapentaenoic
4,7,10,13,16,19-Docosahexaenoic

Saturated fatty acids
Lauric Dodecanoic

Tridecanoic
Tetradecanoic
Pentadecanoic
Hexadecanoic
Heptadecanoic
Octadecanoic
Eicosanoic
Heneicosanoic
Docosanoic
Tricosanoic

Lignoceric Tetracosanoic
Montanic Octacosanoic
Monounsaturated fatty acids

Hexadecenoic
9-0ctadenoic

Arachidonic
EPA

SFAs
C12:0
C13:0
C14:0
C15:0
C16:0
C17:0
C18:0
C20:0
C21:0
C22:0
C23:0
C24:0
C28:0
MUFAs
C16:1
C18:1 ((09)
C18:1
PUFAs
C18:2 ((06)
C18:2 ((09)
C18:3
C20:3 ((09)
C20:4 ((06)
C20:5 ((03)
C22:4 ((06)
C22:5 ((06)
C22:6 ((03)
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AA (20:4(06)
Arachidonic Acid

EPA (20:5(03)
Eicosapentaenoic Acid

DHA (22:6(03)
Docosahexaenoic Acid

Figure 1. Chemical structure of three PUFAs: arachidonic acid, eicosapentaenoic
acid, and docosahexaenoic acid.

Very few animal species can synthesize PUFAs de novo, but animals can convert

from one form ofPUFA to another through elongation and desaturation. Ofparticular

interest for their role in human and fish nutrition are the (03 long-chain PUFAs:

docosahexaenoic acid (DHA, 22:6(03) and eicosapentaenoic acid (EPA, 20:5(03).

Linolenic acid (LNA, 18:3(03) is also important because all herbivores, and probably all

omnivores, can convert this FA to EPA and DHA, though this conversion is typically

inefficient (Brett & Muller-Navarra 1997).

Lipid storage products

Due to their high-energy content, fats and oils constitute convenient storage

materials and are often present in the greatest quantities in resting and stationary phases

ofgrowth. Triglycerides are the main form of storage lipid and accumulate as discrete

cytoplasmic oil bodies that are bordered by a single proteinaceous phospholipid layer.

With the help of membrane-bound acyltransferases, they are formed in the endoplasmic

reticulum by the esterification ofthree FAs to the three hydroxyl groups of the glycerol

molecule. There is rotational asymmetry in the glycerol molecule leading to the position
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of each FA being distinct. A stereochemical numbering system: sn-l, sn-2, and sn-3

designates these positions. Typically, triglycerides are composed of saturated fatty acids

(SFAs), which form the most efficient storage materials. Algal storage FAs range from

C\2 to C24, with the even-numbered acids being the only ones of quantitative significance.

Biological membranes

The main components of biological membranes are proteins and lipids. The lipids

can be divided into two categories: bulk lipid molecules and specific lipid molecules.

Bulk lipids, which predominate, fill the spaces between the various membrane proteins

and are considered structural molecules, as they are the primary components controlling

membrane integrity and fluidity. Specific lipids are usually saturated and are considered

functional lipids involved in specific interactions with proteins.

Biological membranes exist in one of many forms depending on the type of polar

lipids comprising the membrane, constituent FAs, temperature, and water concentration.

The most common and typical form is that of a bilayer, or lamellar phase, of polar lipids,

of which phospholipids are the main components. In the lamellar phase the polar heads

of the lipid membrane molecules are aligned with the aqueous medium, and the

hydrocarbon residues extend into the interior of the bilayer structure from which water

molecules are largely excluded. This bilayer serves as a matrix into which the various

intrinsic and extrinsic membrane proteins are integrated. The bilayer is known to exist in

two primary states: liquid crystalline (La) and gel (L~). The La state, which is the

biologically preferred state, is characterized by disorder in the hydrocarbon chains,

whereas in the L~ phase, the hydrocarbon chains are all in trans configuration and are

close-packed in cross section on a hexagonal lattice. Gel phase results in decreased
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membrane fluidity, membrane leakiness, loss of permeability and alteration in the pattern

of protein organization. Membranes also contain many lipids that do not spontaneously

form a bilayer in an aqueous environment but prefer a configuration known as a

hexagonal II configuration. The hexagonal configuration is detrimental to cells and is the

cause of death in chilling sensitive cells.

The factor that determines the phase structure under any given water

concentration and temperature is the balance within the molecule of hydrophobic and

hydrophilic affinities. The transitions between lamellar phases take place at higher

temperatures with increasing chain length (Silvius et al. 1979) and lower temperatures

with the presence of cis-unsaturated bonds (Silvius & McElhaney 1979). The location of

the cis bond within the fatty acyl chain (Barton & Gunstone 1975) as well as the position

of the glycerol to which the chains are acylated (Chen & Sturtevant 1981, Coolbear et al.

1983) also influence phase transition temperature. An additional factor controlling

membrane fluidity, which has been shown in vivo with pea (Pisum sativum) thylakoids, is

the protein to lipid ratio (Millner et al. 1984).

The thylakoid membranes of the chloroplast are the site of all the early processes

ofphotosynthesis such as the absorption of light, photochemical reactions, electron

transfer and the synthesis of ATP. This membrane has a biochemistry unique among

biological membranes. In marine algae, the main lipids of the chloroplast membranes in

order of decreasing abundance are the following glycerolipids: monogalactosyl

diglyceride (MGDG), digalactosyl diglyceride (DGDG), sulphoquinovosyl diglyceride

(SQDG), phosphatidyl glyceride (PG), phosphatidyl choline (PC), phosphatidyl inositol

(PI) and betaine lipids (for review see Dembitsky 1996). MGDG is involved in the
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energy transfer between the different chlorophyll-protein complexes and in the activity of

the ATP synthase machinery (Siegenthaler & Vallino 1995). DODO is involved in the

photosynthetic evolution of oxygen. SQDO and PO allow the membrane to swell with

water. Along with trans-C16: 1, PO plays a role in the formation of appressed

membranes. Phospholipids playa specific role in controlling the required thy1akoid

membrane organization that maintains the appropriate electron transport and associated

reactions.

Changes in the physical phase of thy1akoid membrane lipids may result in a

decrease in the efficiency of photosynthesis (Murata 1989) or the death of the cell.

Chilling sensitivity is a result of such a phase change and is primarily dependent on the

degree of unsaturation of thy1akoid membrane lipids.

A glycero1ipid molecule consists of one glycerol esterified with FAs at the sn-l

and sn-2 positions of the glycerol backbone. Typically, the major FAs of the

glycero1ipids ofmarine microa1gae chloroplasts are highly unsaturated. Common FAs

are a-CI8:3 in MODO and a-CI8:3 and C16:0 in DODO, SQDO and PO. In addition,

PO of the chloroplast membrane contains CI6:1, which is unique in the plant kingdom.

Certain plants also contain C16:3 in MODO.

PUFAs in marine microalgae

The role of PDFAs and other lipids in microalgae is not completely understood,

and content, composition, and function vary between species (Renaud & Parry 1994).

The average lipid content of marine microa1gae is between 10 and 20% of dry weight

(Parsons et al. 1961). Compared to other photosynthetic organisms, marine microa1gae

possess a very large proportion of the very long chain PDFAs, and their FAs commonly
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have as many as six double bonds. Unique to the marine microalgae are EPA (C20:5 0)3)

and DHA (C22:6 0)3). PUFA composition and content is affected by environmental

factors such as temperature, salinity, nutrient availability, and light. Many FAs, such as

EPA and other polar lipids, are often associated with membranes. An increase in the

degree of membrane lipid FA unsaturation in association with a decrease in growth

temperature is an almost universal response. This response can be explained by the need

to compensate for a decrease in membrane fluidity caused by a decrease in temperature

(Cohen et al. 1995). Salinity effects on microalgae vary. Most cells show an increase in

ash free dry weight with increased salinity, which is recognized as an adjustment to the

cellular water stress caused by high salt content in the culture solution (Richmond 1986).

Light intensity and light-dark cycles also have an effect on FA composition, though once

again, this effect is species specific.

When growth is retarded in response to any limiting factor, synthesis of storage

lipids and carbohydrates may be enhanced at the expense of protein synthesis. This leads

to a dilution of other non-storage lipids. Reitan et al. (1994) studied six common

mariculture algal species and found that increased nutrient limitation resulted in

significantly higher lipid content in four of the cultures and significantly lower content in

two ofthe cultures indicating that the former species store lipids during nutrient-limited

growth while the latter two do not. From a practical point of view, PUFA production

must include knowledge of PUFA composition, total lipid content, and algal growth rate

for the specific species being investigated.
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Importance of PDFAs in animal nutrition

Linoleic acid (LA) and LNA are produced only by plants and are therefore

essential nutrients for fish. In addition, all EPA and DHA are either obtained directly

from plants or by synthesis from LNA. Most animals grow best when provided with

direct sources of EPA and DHA, which make these compounds conditionally essential.

Like algae, higher organisms incorporate these compounds into their membranes (Brett &

Muller-Navarra 1997). EPA and DHA are also involved in the neural network and

reproductive systems. Aquaculture studies have used PDFA-enriched zooplankton to

demonstrate that many fish require PDFA-rich diets to obtain high growth and survival

rates (Verreth et al. 1994). In summary, there is a vast body ofinformation in the

aquaculture literature that unequivocally shows PDFA-rich diets are essential for a wide

range of marine and freshwater fishes, mollusks and crustaceans.

The beneficial effects of fish and fish oils in the human diet are well documented,

and these effects are attributed to their co3 PDFA content, in particular EPA and DHA.

EPA and DHA are incorporated into the cell membrane, where they can influence

membrane fluidity, receptor function, enzyme activity and production of eicosanoids

(Meydani 1994). DHA constitutes 20-25% ofthe total FAs in the gray matter ofthe

human brain and 50-60% in retina rod outer segments. It is also abundant in heart muscle

tissue and sperm cells (Gill & Valivety 1997). Due to the antithrombotic and

antiaggregatory effects of the products of EPA metabolism, a change in EPA level can

significantly change an individual's coronary vascular status. EPA is known to inhibit

breast cancer cells (Rose et al. 1995), to affect liver function, protect against hepatic anti-
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oxidation (Demoz et al. 1992, Rustan et al. 1988), and to affect reproduction (Matorras et

al. 1998).

Many human health problems are derived from a diet consisting of an improper

ratio of 0)3 to 0)6 PDFAs, which compete for our enzymatic processes. An accumulation

of the essential FA arachidonate (20:4 0)6) results in an overproduction of hormone-like

substances called eicosanoids (Lands 1986). This overproduction is present in many

health disorders such as thrombosis (heart attack), asthma, atherosclerosis and arthritis.

Presently, doctors control this composition with drugs that inhibit the enzymes that

produce eicosanoids. Another alternative, more appealing to many people, is controlling

the production of eicosanoids by consuming a diet containing a proper ratio of PDFAs.

One problem with current sources of PDFAs in readily available oils is in their

trans nature, which is a result of anthropogenic processing. According to Simopoulos

(1994) in a round table discussion in the conference on the Future of Fatty Acids in

Human Nutrition: Health and Policy Implications, the typical Western diet is estimated to

derive 4-15% of its energy from trans FAs, which are the products of the hydrogenation

of vegetable oils (and to a lesser extent offish oils). Though trans FAs behave similarly

to other SFAs in many ways, such as their effects on high density verses low density

cholesterol levels, they have other properties that make them biologically less desirable.

Trans FAs interfere with the desaturation and elongation of essential FAs. Furthermore,

contrary to what has been found in animal studies, trans FAs do cross the placenta,

interfere with growth of the fetus and are correlated to lower fetal weight (Koletzko

1994). Simopoulos (1994) recommends that eventually, diets should not contain trans

FAs as a result ofhydrogenation. This has produced a need in the nutraceutical industry
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for a source ofPDFAs of the proper (03 to (06 ratio and in their natural, not trans,

configuration for human supplements.

Importance of microalgae in animal nutrition

Decreasing natural fish catches, increasing world dependence on fish as a food

source and an increasing global population have led to a growing interest in aquaculture.

Total aquaculture production in 1995 was estimated to be over 25 million tons (Apt &

Behrens 1999). Central to sustainable aquaculture is the need to establish and maintain a

food chain to support the animals until they achieve market size. The expense of feed in

an aquaculture operation is typically from one to two thirds of overall operating costs

(Benemann 1992), and the reliability of the algal supply is a major problem in attaining a

profitable operation (Borowitzka 1997). Therefore, to make fish aquaculture more

profitable, a more nutritious, cost-efficient and reliable feed could be crucial.

Microalgae are the basis for marine and fresh-water aquatic food webs and are

therefore the preferred feed for aquaculture. Experiments have shown that adding semi

pure emulsions of EPA and DHA to low (DeMott & Muller-Navarra 1997) or moderate

(Weers & Gulati 1997) food-quality phytoplankton substantially increases its food

quality. At present, the primary commercial source of EPA and DHA is marine fish oil.

However, satisfactory exploitation of this source is hampered by factors such as

variations in oil quality, the occurrence of FAs of antagonistic properties such as

arachidonic acid and the fact that fish do not synthesize EPA efficiently. The exact (03

FA composition of fish oil depends upon species, season, and geographic location of

harvest and on the availability and types of the primary food chain, namely marine
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microorganisms (Cohen et a1. 1995). Controlled growth of an appropriate species of

microalgae for PUFA production could alleviate these challenges.

Microalgae have been investigated as a food source for humans for over forty

years (Borowitzka & Borowitzka 1988). Dried biomass and cell extracts from Chiorella,

Dunaliella, and Spirulina dominate this niche in the world market and are collectively

likely worth many hundreds of millions of dollars (Apt & Behrens 1999). There is

presently no purified algal oil containing EPA commercially available (Apt & Behrens

1999). Human consumption of EPA typically comes from fish oils. Due to the possible

high levels of undesirable compounds in fish oils, an algal-derived EPA source could be

extremely valuable to the nutraceutical industry.

The Pinguiophyceae

Kawachi et al (2002) recently described a novel class of chromophyte algae, the

pinguiophytes (or "fat algae"). The class includes five genera, Glossomastix,

Phaeomonas, Pinguiochrysis, Pinguiococcus, and Polypodochrysis, each including a

single species. One strain of the species, Pinguiococcus pyrenoidosus (Figure 2), like

other species of golden-brown algae, has proven to be a rich source of certain lipids of

the PUFA class. Of special interest in Pinguioco. pyrenoidosus is the valuable compound

EPA. Pinguioco. pyrenoidosus has no cell wall, is between 3 and 8 Ilm in diameter, and

contains vacuoles (as indicated in the figure below with arrows) that may contain storage

PUFAs (Andersen et a1. 2002). These cells are amoeboid in shape but appear to exhibit

no active movement.
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Figure 2. Pinguioco. pyrenoidosus (Andersen et a1. 2002).
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CHAPTER 2. MATERIALS AND METHODS

Microalgae strains and culture medium

Cultures for this research were obtained from the Center for Culture of Marine

Phytoplankton (CCMP, Bigelow Laboratory for Ocean Sciences, West Boothbay Harbor,

ME, USA) and the Marine Biotechnology Institute (MBI, Kamaishi, Japan). The cultures

were maintained in liquid medium under a low light intensity of 50-60 IlEin m-2
S-l at a

temperature of 20°e. All strains are listed in Table 2 with their corresponding ID

numbers and species names.

Table 2. Pinguiophyte ID numbers and species names.

Strain ID
CCMP 1144
CCMP 2078
MBIC 10503
MBIC 10872
MBIC 10541
CCMP 1537

Species name
Pinguiococcus pyrenoidosus
Pinguiococcus pyrenoidosus (axenic)
Phaeomonas parva

Pinguiochrysis pyriformis

Polypodochrysis teissieri

Glossomastix chrysoplastida

Except where noted the medium was a variation off/2 (Guillard 1975) containing

no silicate, no nitrate, 1/6 the standard concentration of iron, and either 100 or 200 IlM

NH4+ (Appendix I). Growth medium was prepared from seawater collected from surface

waters near the last buoy in the Sampan Channel of Kaneohe Bay, Hawaii. After nutrient

addition, water was filtered through a 0.2 Ilm nitrocellulose filter (142 mm). All cultures

were unialgal but did contain bacteria (except for the axenic culture, CCMP 2078). To

assure that cultures were unialgal and not heavily contaminated with bacteria, they were

periodically checked by viewing under a microscope. Sterilization of filter apparatus,

carboy for medium storage, growth chamber and all connecting tubing was achieved by
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autoclaving at 121°C at 20 psi for 45 minutes. For the nitrogen nutrition experiment, the

medium was sterilized by microwaving at full power for 4 minutes to near boiling

followed by 20 minutes in a drying oven at 65°C.

In order to attain an axenic culture ofPinguioco. pyrenoidosus and to gather

information on the suitability of antibiotics for the treatment of pinguiophytes, various

antibiotics were added in varying concentrations to cultures ofPinguioco. pyrenoidosus,

Ph. parva, Pinguioch. pyriformis, G. chrysoplastida, and Po. teissieri. Cultures were

grown on agar plates with a suitable growth medium (Ll, Guillard & Hargraves 1993, or

K, Keller 1987) with an addition of 100 IlM NH4+. Antibiotics used in this treatment

included ampicillin, cephalothin, cycloheximide, kanamycin, lincomycin, neomycin,

paramycin sulfate, polymyxin b, spectinomycin and tylosin tartrate. Concentrations

varied, and 0.05 mg antibiotic per ml was regarded as a IX treatment. Details of

treatments and results, including concentrations of antibiotics, type ofmedium, and algal

and bacterial growth, can be found in Appendix II.

To determine if G. chrysoplastida, Ph. parva, Pinguioch. pyriformis, or Po.

teissieri can be grown heterotrophically, a study was performed in the dark with four

different organic nutrients. Cultures were assayed in 100 ml glass vials (with caps

loosened) in complete darkness. Each vial contained Ll plus 100 IlM NH4+ and was

treated with 0.05 mg/ml each of penicillin, streptomycin, and geneticin to limit bacterial

growth. Five treatments were used for the experiment, each containing 0.08 % acetate,

dextrose, casein, or neopeptone and one control with no added organic nutrient. Cultures

were incubated for one month and monitored for growth via chlorophyll concentration on

a Turner 10-005R fluorometer.
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A stationary-phase growth experiment was carried out to detennine whether or

not Pinguioco. pyrenoidosus, which is known to grow on ammonium, can utilize nitrite

or nitrate as a nitrogen source. Each treatment was grown in duplicate in a 200 ml

Erlenmeyer flask with a final volume of 100 ml and contained one ofthe following: 880

IJM nitrate, 200 IJM nitrite, or 200 IJM ammonium. A treatment with no additional

nitrogen was used as a control. Flasks were incubated on a horizontal light bank

providing 150 IJEin m-2
S-I irradiance. Flasks were capped with sterile cotton and

cheesecloth stoppers and cooled with a fan to maintain room temperature. Cell counts

were taken daily to detennine growth of the culture on each of these media.

A study was perfonned to detennine the effects of salinity variations on cell

viability and PUFA content and composition. To detennine the minimum and maximum

tolerable salinities, 50 ml batch cultures (in duplicate) were grown at Na+ concentrations

of 0.15 M, 0.3 M, 0.4 M, 0.5 M (control used during lower range salinities), 0.5 M

(control used during experiment with upper range salinities), 0.77 M, 0.8 M, and 1.0 M.

Distilled water was used to dilute seawater to attain desired [Na+] below 0.5 M and sea

salt (Cargill Foods, Top-Flo evaporated salt) was added to seawater to attain desired

[Na+] above 0.5 M. Cultures were grown on a horizontal light bank providing 150 IJEin

m-2
S-I irradiance at room temperature. Cell counts were taken once a day for two weeks

to monitor cell growth.

Chemostat studies

Nitrogen-limited chemostat and temperature studies were perfonned to detennine

the effects of these variables on C and N content and composition ofFAs ofPinguioco.

pyrenoidosus. The alga was grown under nitrogen-limitation (Laws & Bannister 1980) at
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growth rates (J.l) of 0.04, 0.12,0.33,0.44, and 0.60 d- I
(~J.lmax). The system consisted of a

nutrient reservoir, a peristaltic pump, a 2-L growth chamber maintained at a constant

temperature of 20°C, and an overflow container. For the temperature study, the growth

rate was held constant at 0.12 d- I at growth temperatures of 15,20 and 25°C. The growth

chamber was bubbled with filtered air and exposed to a growth irradiance of 300 J.lEin

m-2
S-I at its outer surface. The chemostat system was only sampled after steady-state

growth conditions had been achieved. The latter was assessed by measuring ChI a

concentrations and/or cell counts. At each steady-state growth rate, duplicate samples

were collected for the analysis ofparticulate carbon (C) and nitrogen (N), pigments, and

FAs.

Batch culture studies

Upon completion of the salinity tolerance study, a grow-out study was performed

at the minimum and maximum tolerable salinities as well as at 0.5 M Na+ (control).

Duplicate 500 ml cultures were grown at room temperature in 2-L polycarbonate bottles

with sterile cotton and cheesecloth caps on a light bank providing a growth irradiance of

150 J.lEin m-2
S-I. Cell counts were monitored daily and samples were taken at the onset

of stationary growth for the determination of particulate C and N contents and FA

concentrations.

To determine whether or not the content or composition ofFAs playa role in cell

buoyancy, duplicate cultures (800 ml each) were grown up in a vessel that allowed the

sinking and neutrally buoyant cells to be sampled separately. The growth chambers were

two l-L glass graduated cylinders whose tops were capped with sterile cotton and

cheesecloth stoppers, then covered with foil. Cultures were maintained at room
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temperature under a growth irradiance of200 /lEin m-2
S-I. Cultures were allowed to

grow for 15 days before replicate samples were taken for particulate C and N contents

and FA concentrations. Samples to be analyzed as buoyant and sinking cells were taken

from the upper and lower 150 ml ofthe cylinders, respectively.

A grow out study was performed to determine the content and composition of

FAs during different phases of growth ofPinguioco. pyrenoidosus. Cultures (1500 ml

each) were grown in duplicate at room temperature in two 2-L polycarbonate bottles

under a growth irradiance of 150 /lEin m-2
S-I. Cell counts and fluorometric ChI a

concentrations were monitored daily and samples were taken during log phase growth

(day 6) and stationary phase growth (days 11,20 and 35). These samples were used for

the determination of particulate C and N contents and FA concentrations.

Analytical methods

Pigment and biomass parameters

Culture samples (5-10 ml each) for chI a analysis were filtered onto 25 mm GF/F

filters and stored frozen (-80°C) until extraction in 10 ml 90% acetone. ChI a

concentration was determined by spectrophotometric (Jeffrey & Humphrey 1975) or

fluorometric (We1schmeyer 1994) analysis performed on a Beckman Coulter DU 650

spectrophotometer or Turner Designs TD 700 fluorometer, respectively. Cells were

enumerated with a Beckman Coulter 2000 particle counter equipped with a 100 /lm

aperture. A cell size range of 3 to 8 /lm was used, and all samples were diluted with

filtered seawater to densities of 500 to 10,000 cells per ml for analysis. For particulate C

and N analysis (Laws et al. 1986), filters and foil were combusted at 500°C for 4 hours.

After filtration of25-50 ml culture, filters were allowed to dry for at least 48 hours at

17



60°C before analysis on a Perkin Elmer model 2400 CHN Elemental Analyzer. Dry

weight (mg biomass per liter of culture) values were estimated using the CHN data and

the following equation (Laws et al. 1986):

mgC/L =DW
0.45 (2.1)

Pigment analyses were performed using the standard NASA analytical protocol

(Bidigare & Trees 2000). For extraction, the filters were placed in 3 ml acetone followed

by the addition of an internal standard (50 III canthaxanthin in acetone). The samples

were first disrupted by sonication (O°C, in the dark) and then allowed to extract for 24 hr

(4°C, in the dark). Prior to analysis, the pigment extracts were vortexed and centrifuged

to remove cellular and filter debris. Samples (200 Ill) of a mixture of 0.3 ml H20 plus 1.0

m1 extract were injected onto a Varian 9012 HPLC system equipped with a Varian 9300

autosampler, a Timberline column heater (26°C), and Spherisorb 5 Ilm ODS2 analytical

(4.6x250 mm) column and corresponding guard cartridge. Pigments were detected with a

ThermoSeparation UV2000 detector (A=436 nm). A ternary solvent system was

employed for HPLC pigment analysis: eluent A (MeOH:0.5 M ammonium acetate,

80:20), eluent B (acetonitrile:water, 87.5:12.5) and eluent C (ethyl acetate). The linear

gradient used for pigment separation was a modified version of that originally described

by Wright et al. (1991): 0.0' (90%A, lO%B), 1.0' (lOO%B), 11.0' (78%B, 22%C), 27.5'

(lO%B, 90%C), 29.0' (lOO%B), and 30.0' (lOO%B). Eluents A and B contain 0.01% of

2,6-di-tert-butyl-p-cresol (BHT) (Sigma Chemical Co.) to prevent the conversion of

chlorophyll a into chlorophyll a allomers. HPLC grade solvents (Fisher) were used to

prepare eluents A, Band C. The eluent flow rate was held constant at 1 ml min-I.
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Pigment peaks were identified by comparing their retention times with those of pure

standards and algal extracts of known pigment composition. Pigment concentrations

were calculated using external and internal standards (Bidigare 1991).

Lipid analysis

Two whole-cell FA extraction procedures were compared. The first (A) is a

method that is commonly employed by marine organic geochemists to analyze particulate

and sedimentary organic matter. It involves tota1lipid extraction according to Bligh &

Dyer (1959) followed by saponification via the method ofWakeham & Canuel (1988).

This procedure has been described in detail in Appendix III. The second method (B)

involves extraction via a modification of the procedure described by Abril & Barclay

(1998) and was used for most ofthe samples generated in this study (see below). Both

methods conclude with GC/MS separation, detection and quantification of FAMEs via

the method ofPancost et al. (1997). By comparing data from samples analyzed by

methods A and B it was shown that method B was more efficient in extracting FAs

(Appendix IV). Method A was especially poor in extracting long chain PUFAs and did

not extract detectable amounts ofC28:0, C18:3, C20:3 (n-6), or C22:5 (n-6). For PUFAs

C18:2 (n-6), C20:4 (n-6), C20:5 (n-3), C22:4 (n-6), and C22:6 (n-3) method A extracted

an average of 12% of the quantity extracted by method B. For the SFAs and MUFAs,

method A detected 70% and 50%, respectively, of the FAs extracted by method B. All

FA extraction for the remainder ofthis work was performed with method B.

In method B, algal filters were stored at -80°C prior to extraction. Once the filter

was thawed it was cut into approximately twenty pieces and placed in a reaction vial with

20 m1 5% H2S04 in methanol. 50 III of C19:0 FA recovery standard was added to the
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vial, which was then capped, wrapped in Teflon, and shaken. The vial was placed in a

100°C dry-bath for two hours and was shaken every thirty minutes. After cooling, the

vial contents were transferred to a 20 ml centrifuge tube with methanol and hexane rinses

totaling no more than 2 ml. An additional I ml of hexane and 2 ml H20 were placed in

the vial, which was then mixed vigorously for one minute. FA methyl esters (FAMEs)

were partitioned into the hexane layer, which was separated from the methanol/water

layer via centrifugation for 5 minutes at 2500 rpm. The hexane layer was pipetted off

and two additional 1 ml hexane extractions were performed. The hexane extract was

evaporated to less than 1.0 ml under a N2 stream and passed through a Na2S04 column

with hexane rinses to remove residual water. The sample was then reduced to less than

1.0 ml and stored in the freezer until analysis.

GC/MS separation, detection and quantification of FAMEs were achieved using a

modified version of the method described by Pancost et al. (1997). The system consisted

of a HP 6890 Plus interfaced to a HP 5973 Mass Selective Detector. A HP 7683

Autoinjector was used to introduce 0.5 III of sample directly onto a J&W DB-5 column

(60 m, 0.32 mm I.D., 0.25 mm film thickness) through a cooled on-column inlet. The

initial GC oven temperature was 50°C (1 min hold) followed by a ramp of 20°C min-1 to

180°C (0 min hold), a 2°C min-1ramp to 280°C (0 min hold), and a 10°C min-1ramp to

320°C (10 min hold). FAMEs were identified either through the use of authentic

standards (Alltech, Sigma-Aldrich) or by their mass spectra.
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CHAPTER 3. RESULTS

Growth physiology

All antibiotic treatments failed to eliminate every strain of bacteria in each

culture; however, progress towards attaining axenic cultures and determining preferable

antibiotic treatments was made (Appendix II). The best treatment for Pinguioco.

pyrenoidosus was IX paramycin sulfate, which resulted in very good algal growth and

very low bacterial growth. The best treatment for Ph. parva was IX cephalothin, which

resulted in good algal growth and moderate bacterial growth. For Po. teissieri the best

treatment was tylosin tartrate, which resulted in very good algal growth and very little

bacterial growth. For G. chrysoplastida and Pinguioch. pyriformis there were no

treatments resulting in both good algal growth and low bacterial growth. R. Andersen

(CCMP) was able to attain an axenic culture ofPinguioco. pyrenoidosus (CCMP 2078)

by continually reisolating cells from the best culture attained during this experiment.

An attempt was made to grow the pinguiophytes Pinguioco. pyrenoidosus, Ph.

parva, Pinguioch. pyriformis, G. chrysoplastida, and Po. teissieri heterotrophically on

acetate, dextrose, casein, and neopeptone. Heterotrophic growth could not be achieved

with any of the pinguiophytes on any of the media.

Pinguioco. pyrenoidosus is known to grow autotrophically on ammonium, and an

experiment was performed to determine ifPinguioco. pyrenoidosus could also grow on

nitrite or nitrate. The culture grown on nitrite was similar to the control and showed no

growth. In the assay with nitrate, cell abundance on the first three days followed the

exponentially dividing culture grown on ammonium. However, on day four cell
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abundance dropped to levels that were similar to those of the control. Only ammonium

w~ able to sustain the growth ofPinguioco. pyrenoidosus (Figure 3).

~ - ---------

__ NH,'

NO:'

-- N0 3

No added N

3e+6

3e+6

2e+6

E
~
Q. 2e+6
!!l
Gi
t>

1e 6

5e+5

0
2 4 6 8 10

Time (days)

12 14 16 18

Figure 3. Effects ofvarious inorganic nitrogenous nutrients on the growth of
Pinguioco. pyrenoidosus.

In the salinity tolerance study, it was found that the minimum and maximum

salinities (expressed as sodium ion concentration in moles L-1
) that allowed for growth of

the cells were 0.3 and 0.8 M Na+ (Figure 4A). The maximum growth rate at each salinity

was estimated by determining the slope of cell density vs. time during log phase growth.

This growth rate ().l) was then normalized by dividing by the maximum growth rate

(J.lmax), which was achieved at 0.4 M Na+ (Figure 4B).
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Figure 4. Influences of salinity variations (expressed as [Na+]) on the growth of
Pinguioco. pyrenoidosus: (A) cell abundances at seven salinities vs. time and (B)
normalized maximum growth rate vs. salinity.
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Chemostat studies

Pinguioco. pyrenoidosus was grown in continuous culture at five steady-state

growth rates ranging from 0.04 to 0.60 d-I (Table 3). The concentration of particulate

nitrogen (PN) in the chemostat was fairly constant and was within 6% ofthe reservoir

NH4+ concentration at all growth rates except for the slowest growth rate of 0.04 d-I (7%

of Ilmax), where the PN concentration in the chemostat was approximately 29% less than

that of the reservoir. This could be explained by the release of assimilated nitrogen as

dissolved organic nitrogen (DON). Bronk & Ward (2000) suggest that environmental

stresses could cause phytoplankton cells to rupture or leak during processing (such as

during filtration). Cells grown at 0.04 dol are nutrient-stressed and are therefore likely

more susceptible to damage by such processes. The release of DON has also been

reported to increase during the onset of senescence (Newell et al. 1972) and increase

several-fold during bloom decline (Bronk et al. 1994). It would follow that cells grown

at a slower growth rate may also release more DON than those grown at a faster rate.

The C:N ratio (mol:mol) decreased and approached the Redfield ratio of 6.6 as

growth rate increased and approached Ilmax (Figure 5). C:N is inversely proportional to

growth rate and a C:N above the Redfield ratio reflects N-limited culture conditions

(Laws & Bannister 1980).
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Table 3. Biomass, particulate carbon, and particulate nitrogen parameters
determined for Pinguioco. pyrenoidosus in continuous culture (20°C).

Growth rate (d- I
) Temp eC) [POC] [PN] C:N (mol:mol)

0.04
0.12

0.33
0.44

0.60

20
20

20

20

20

100 JlM
100 JlM

100 JlM

200 JlM

200 JlM

699 JlM

1081 JlM

1071 JlM

1828 JlM

1758 JlM

71.0JlM

98.2 JlM

103.1 JlM

188.4 JlM

201.2 JlM

10.5
11.0

10.4

9.8

8.7
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Figure 5. Variations in C:N ratios for Pinguioco. pyrenoidosus grown in
continuous culture at 20°C.

The major FAs (detected as their fatty acid methyl ester derivatives, FAMEs)

found in Pinguioco. pyrenoidosus (in decreasing abundance) were: CI4:0, CI6:0, C20:5,

and C22:5. CI5:0, C16:1, CI8:3, C18:2 (n-6), C18:1 (n-9), CI8:1, CI8:0, C20:4 (n-6),

C20:3 (n-3), C22:6, C22:4 (n-6), and (C28:0) were also present, but at much lower levels.

When FAs are expressed as a percentage of total FAs, there was very little change with

increasing growth rate. The largest changes (slowest to the fastest growth rate) were:

14:0 (-9%), 16:1 (+4.4%), 18:3 (2.3%), 18:2 (-2.2%), 18:1 oleic (3.2%), 18:1 not oleic
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(2.2%), and 22:5 (-3.2%). Total PUFAs, MUFAs and SFAs changed -1.8%, +9.8%, and

-8.6% respectively from 0.04 d-1 to 0.60 d-1
• FA content, when expressed as Ilg FA per

mg dry weight, decreased with increasing growth rate for all FAs except 18:2, which

increased slightly. The most significant decreases were observed for 16:1 (85%), 16:0

(42%), 18:3 (80%), 18:1 oleic (79%), 18:1 not oleic (84%), 18:0 (56%), 20:4 (47%), 20:5

(40%),20:3 (44%),22:5 (29%), 22:6 (51%), and 22:4 (41%). Total PUFAs, MUFAs,

and SFAs decreased 38%,83%, and 26% respectively from 0.045 to 0.60 d- 1 (Figures 6

and 7). The complete FAME data set can be found in Appendix V.
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Pinguioco. pyrenoidosus grown in continuous culture at 20°C.
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Pinguioco. pyrenoidosus was grown in steady-state at a growth rate of 0.12 d- l at

15, 20, and 25°C.. An increase in growth temperature yielded a corresponding shift in

FAs from PUFAs to SFAs (Figure 8A). The total FA content was 129 ± 19 J..lg:mg (±

15%) for all three growth temperatures. The major FAs, 14:0 and 16:0, increased 55%

and 87%, respectively, and 20:5 and 22:5 decreased 53% and 48%, respectively (Figure

8B). The complete FAME data set can be found in Appendix V.
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Batch culture studies

Pinguioco. pyrenoidosus was grown at three salinities (expressed as moles Na+

L-1
) ranging from 0.3 to 0.8 M, and was sampled at the onset of stationary phase growth.

No significant differences were found in FA composition at varying salinities (Figure 9).

The complete FAME data set can be found in Appendix V.
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Figure 9. Salinity-dependent variations in FA composition (% total) of
Pinguioco. pyrenoidosus grown in batch culture. Samples were collected 10 days after
inoculation.

In the buoyancy study, there were no significant differences in the composition of

FAs between the top fraction of neutrally buoyant cells and the bottom fraction of sinking

cells (Figure lOA). However, there were significant differences in FA content (/-lg:mg)

between the two fractions (Figure 1DB). The top fraction had approximately 1.5 times

the content ofFA (/-lg:mg) than that measured for the bottom fraction and over 3 times

the amount of EPA. The complete FAME data set can be found in Appendix V.
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obtained for Pinguioco. pyrenoidosus in the buoyancy experiment.

In the grow-out study, the growth ofthe culture was monitored by following

changes in cell abundance (Figure 11). Samples were taken for C, Nand FA analysis at
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days 6, 11, 20 and 35. These days represent cells in exponential growth (day 6) or

stationary phase growth (days 11,20 and 35).
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Figure 11. Pinguioco. pyrenoidosus cell count data from the grow-out study.
Arrows indicate sampling days.

The major SFAs, C14:0 and CI6:0, decreased in composition (% total) by 23%

and 4.1 %, respectively, and the major PUFAs, C20:5 and C22:5, increased by 8.5% and

5.5%, respectively, from day 6 to day 35. Total PUFAs and MUFAs increased by 22%

and 4.2%, respectively, and SFAs decreased by 26.6% from day 6 to day 35 (Figure 12).

Total FA content (J.lg:mg) increased by 124%. Increases in content of all FAs were seen

except for in C18:2. The major PUFAs, C20:5 and C22:5, and total PUFAs increased by

306%,254% and 304%, respectively, from day 6 to day 35. The MUFAs and SFAs

increased by 460% and 38%, respectively, from day 6 to day 35 (Figure 13). The

complete FAME data set can be found in Appendix V.
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CHAPTER 4. DISCUSSION

Growth physiology

The Pinguiophytes, Pinguioco. pyrenoidosus, Ph. parva, Pinguioch. pyriformis,

G. chrysoplastida, and Po. teissieri, appear to be obligate phototrophs, as they were not

able to grow on the wide range of organic substrates used in this study. Pinguioco.

pyrenoidosus displayed growth only in the NH4+-N containing culture medium. This

result could be explained by a lack of the nitrate and nitrite reductases required for the

assimilation of nitrate and nitrite. Nitrate reductase, located in the cytosol, uses

NAD(P)H to catalyze a two-electron transfer to produce nitrite. Nitrite reductase, located

in the chloroplast, utilizes ferredoxin. The overall stoichiometry for the reduction of

nitrate to ammonium can be written as:

N03- + 8e- + 10H+~ NH/ + 3HzO

Pinguioco. pyrenoidosus can tolerate a salinity range (expressed as Na+M) from

0.3 to 0.8 M and achieves a maximum growth rate at DAD M, slightly below the ambient

seawater salinity of 0.5 M.

Fatty acid physiology

The presence of ro3 PDFAs is important for selecting marine algae for

aquacultural purposes. Of particular interest to the nutraceutical industry is EPA, of

which there is presently no purified algal source commercially available (Yamaguchi

1997). Marine fish oil is the current source of EPA. However, its relatively low EPA

content (7-15% of total FAs) and the presence of cholesterol have prompted the search

for an algal source. Pinguioco. pyrenoidosus has previously been found to contain high

amounts of EPA (Kawachi et al.) and the results of this research will help to quantify and
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maximize EPA production from this species as well as to understand the role of EPA and

other PUFAs in this species.

Results of the buoyancy study suggest a strong relationship between FA content

and buoyancy of Pinguioco. pyrenoidosus cells. This could be a survival strategy in

which cells develop a heterogeneous population amidst a homogeneous environment in

order to increase chances of cell survival should environmental conditions become less

favorable. Alternatively, this could be correlated with age of the cells. As was seen in

the grow-out study (see below) cells accumulate PUFAs as they age. The older, PUFA

rich cells may become buoyant, while the younger cells remain negatively buoyant.

In the chemostat growth rate study, a IS-fold increase in growth rate (0.04 to 0.60

d- I
) induced a 40% decrease in total FA content (Ilg:mg). This is a common response

exhibited by microalgae grown under a gradient ofN-limitation. The synthesis of protein

and other nitrogen-containing compounds is reduced, and non-nitrogen containing

compounds (e.g., carbohydrates and lipids) are typically produced in greater quantities

with increasing N limitation. It is interesting to note that variations in growth rate did not

greatly alter PUFA composition (% total). This is most likely a result ofthe fact that in a

continuous culture chemostat, regardless of the growth rate, cells are always in

exponential growth, and a variation in growth rate is not a strong enough physiological

stress to induce substantial changes in Pinguioco. pyrenoidosus. However, prolonged N

starvation does induce such changes (see results of grow-out study). Subtle changes were

seen in the SFAs and the MUFAs with increasing growth rate (Figure 14). While the

percent MUFAs varied by ±6.9% and SFAs varied by ±5.2%, the sum of SFAs and
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MUFAs only varied by ± 1.94%. These data may be explained by a conversion from

MUFAs to SFAs with increasing growth rate.
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Figure 14. SFA and MUFA composition (% total) for Pinguioco. pyrenoidosus
grown in N-limited chemostat culture (20°C).

In chemostat culture, a decrease in temperature was associated with an increase in

PUFAs and a decrease in SFAs. This response is almost universal amidst phototrophic

organisms due to the role ofPUFAs in maintaining membrane fluidity at colder

temperatures. Chilling sensitivity in plants is a result of degraded integrity of the

thylakoid membrane due to a phase change of the molecular constituents of the

membrane. PUFAs (in place of SFAs) lower the phase change temperature and allow for

proper membrane function at increasingly colder temperatures.

PUFA production

In chemostat culture, FA concentrations (~g FA per liter of culture) were obtained

by multiplying FA content (~g FA per mg dry weight) by biomass (mg dry weight per
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liter of culture) (Figure 15A), and individual production rates were obtained by

multiplying FA concentration by the corresponding growth rate (Figure 15B). The ideal

growth rate for maximizing PUFA production via steady-state culture balances the effects

ofhaving a higher amount ofPUFAs per cell at lower growth rates with a higher turnover

of cells at faster growth rates. Production ofPUFAs (including EPA and DPA) by

Pinguioco. pyrenoidosus via continuous culture increases with increasing growth rate

until 0.33 d-1 where the production rate remained relatively constant. Maximum

production rates in steady-state culture of total PUFAs, DPA and EPA were 500, 210 and

170 ~g L-1 d-1
, respectively.
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Figure 15. Concentration (A) and production rates (B) for EPA, DPA and total
PDFAs for Pinguioco. pyrenoidosus grown in contiunuous culture (20°C).
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For the grow-out study, FA concentrations were found by multiplying FA content

by biomass (Figure 16A). FA production rates were found by dividing FA concentrations

by time (Figure 16B). Concentrations of total PUFAs, DPA and EPA increased with age

of culture. Maximum concentrations were obtained at day 35 and were 3000, 920 and

1140 ~g/L, respectively. Production rates of total PUFAs, DPA and EPA also increased

with age of culture and were approximately an order of magnitude lower than those

obtained in continuous culture. Maximum production rates were obtained on day 35 and

were 85, 26 and 33 ~gL-l d- 1
, respectively.

Results of this study may contribute to the development of an efficient process for

growing and harvesting Pinguioco. pyrenoidosus for maximum PUFA production and

cellular content. A two-step growth strategy is proposed in which cultures are first grown

in steady-state at an intennediate growth rate of 0.33 d-1 to attain an intennediate rate of

biomass production with an intennediate concentration ofPUFAs. The second step

involves allowing the cells to mature in batch culture in order to increase the weight

specific concentration of PUFAs because cells with a higher FA content would be easier

to process. Additionally, experimentation with harvesting buoyant cells and growing

Pinguioco. pyrenoidosus at colder temperatures may also lead to an increase in PUFA

yield.
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EPA and DPA function

The data summarized in Table 4 give the percentage distribution of each PUFA of

interest between five different lipid class fractions. The first fraction contains free fatty

acids (FFAs), diacylglycerols and triacylglycerols. FFAs are not found in quantity in

living cells, as they are toxic to the cell at high concentrations. Diacylglycerols and

triacylglycerols are lipid storage products. The second fraction contains

monoacylglycerols and the third fraction contains phospholipids (cell membrane

components). The fourth fraction contains glycolipids (thylakoid membrane

components) and the fifth fraction contains sterol esters.

Table 4. Fatty acid distributions among lipid classes ofPinguioco. pyrenoidosus.

Phospho- Sterol
Ii ids esters Total

EPA 0 10 100
DPA 1 10 100
AA 0 14 100

Approximately 80% of the EPA, AA and DPA was recovered in the first fraction.

Since high concentrations of FFAs are toxic to cells, the majority of these species are

likely associated with di- and triacylglycerols. This finding supports the hypothesis that

EPA, AA and DPA are storage products, and is consistent with the observation that these

species accumulate in stationary phase growth (Figure 13). Some of the EPA and DPA

(4-6%) was found in the glycolipid fraction (fraction 4), which supports the hypothesis

that some of these species are associated with the thylakoid membrane. The latter would

explain the increase in PUFAs at the colder temperature in the chemostat temperature

study.
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CHAPTER 5. CONCLUSIONS

Like other members of the class Pinguiophyceae, Pinguioco. pyrenoidosus, is a

marine microalga that appears to be an obligate phototroph as it could not grow on any of

the wide range oforganic substrates tested. It tolerates a wide range of salinity and

utilizes ammonium as a nitrogen source. Pinguioco. pyrenoidosus has a high amount of

EPA and other omega-3 PUFAs. These PUFAs, including EPA, increase at lower

temperatures suggesting that these compounds have a role in regulating membrane

fluidity. PUFA content is highest in cells in late stationary phase growth. This, coupled

with data indicating the presence of EPA and other PUFAs as constituents ofdi- and

triacylglycerols, suggests that Pinguioco. pyrenoidosus also utilizes these compounds as

constituents of storage products. The concentration of PDFAs increases with culture age

whereas the production rate ofPUFAs plateaus at a growth rate of -50% Jlmax.
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APPENDIX I

Pinguioco. pyrenoidosus Growth Medium Recipe
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Pri- Primary Working ml per
Working mary Direcl Istock srock 1.0L Conc.

ch m tal
Stock Is lock addition Source AmI units Amount unitsiL Vol. JJ-M
NIL NH.jCI
(MW=18.04) 1NH.j (MW=53.492) 2.68 Ig -+ 200

NaH1PO.j.H2O
P04 PO.j (MW=137.991) 5.0 :g 1 36
Trace metal 1

EDTA INa1EDTA H-.36 g

Fe FeCh.6HzO 0.5 ~

Cu CuSO.j.5H2O 0.99 19/1OOml 1 ml
Zn znSo.j.m2o 2.2 Ig/IOOml I ml
Co CoC1z·6H1O 1.0 Ig/]OOm1 1 ml
Mn IMnCI2.4HzO 1.8 Ig/IOOml 1 ~I

Mo INaMoO.j·2H2O 0.63 Ig/IOOrnl 1 011
IVitamin 0.5

Thiamine fhiamine 200 mg

Biotin Biotin 97 mg/96ml 10.0 ml

VitBI2 tVitBI2 101 mg/IOml 1.0 ml

4

75

0.69

j- u'ed...In ex eriments callin
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APPENDIX II

Antibiotic Study Results
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Concen- Growth
Antibiotic tration medium Algal growth Bacterial growth
Pinguiococcus pyrenoidosus
Ampicillin IX LI none moderate

yes but always with
Cephalothin IX LI bacteria moderate

some but always with Many discrete
Cycloheximide IX LI bacteria colonies

several colonies all
Hygromycin IX LI with bacteria low to moderate
Kanamycin IX LI one colony moderate
Lincomycin IX LI none moderate

sheets covering
Neomycin IX LI low to moderate plate
Paramycin Sulfate IX LI very good very low
Penicillin!
Streptomycin .5X LI good almost none
Penicillin!
Streptomycin IX LI a few good colonies almost none
Penicillin!
Streptomycin 2X LI a few colonies few bacteria
Penicillin!
Streptomycin 4X LI none very low
Penicillin!
Streptomycin 8X LI none very low
Polymyxin B IX LI good very very low
Spectinomycin IX LI good heavy
Phaemonas parva
Ampicillin IX LI a few viable cells great
Cephalothin IX LI good moderate
Cycloheximide IX LI none outstanding
Kanamycin IX LI none great
Lincomycin IX LI none great in sheets
Neomycin IX LI a few cells moderate
Paramycin Sulfate IX LI none great
Polymyxin B IX LI none great
Spectinomycin IX LI a few viable cells great
Tylosin tartrate IX LI a few viable cells great
Glossomastix chrysoplastida

several species;
Ampicillin IX LI a few colonies widespread
Cephalothin IX LI a few colonies sheet over plate
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Concen- Growth
Antibiotic tration medium Algal growth Bacterial growth
Cycloheximide IX L1 a few colonies several species
Lincomycin IX K a few colonies great
Polymyxin B IX K two colonies great
Pinguiochrysis pyriformis
Ampicillin IX K none great
Cephalothin IX K none great
Cycloheximide IX K none great
Kanamycin IX K very good good
Neomycin IX K some sheets
Spectinomycin IX K none great
Polypodochrysis teissieri
Ampicillin IX LI very good sheet over plate
Cephalothin IX LI very good very little
Cycloheximide IX LI very good moderate
Kanamycin IX LI great great
Paramycin Sulfate IX K none very dense
Tylosin tartrate IX K very good very little
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APPENDIX III

Soxhlet Extraction (Method A)
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Extraction of total lipids from whole cells:

Day 1. Filter samples were brought to room temperature before being cut into 5

10 pieces and put into a 500 ml round bottom flask with 200 1-11 C19:0 recovery standard

and 100 m12:1 CHCh:CH30H. A Teflon stir bar was added; the flask was stoppered

then pre-extracted on a stir plate for 30 minutes. Filter pieces were transferred to a

thimble within a soxhlet extractor containing ~5 boiling chips. The extractor was

connected to the round bottom flask and the apparatus was heated to a gentle boil. The

sample was allowed to extract for 48 hours.

Day 3. Once cooled, the extractor was tilted to drain all the solvent into the round

bottom flask then the contents were decanted into a separatory funnel with three rinses

each ofCH30H and CHzCh. 100 m15% NaCl solution was added then the funnel was

shaken for ~1 minute. After the phases separated, the lower (organic) phase was drained

into a clean 500 ml round bottom flask. The aqueous phase was extracted twice with 25

ml CHCh each time draining the lower phase into the round bottom flask. The aqueous

phase was then extracted twice with C6H14. The lower phase was discarded and the

hexane phase was added to the organic fraction. To remove excess water from the

sample, NaZS04 was added until some remained undissolved on the bottom after swirling.

The flask was stoppered and refrigerated over night.

Saponification (alkaline hydrolysis) of lipid extract:

The flask was removed from the refrigerator and allowed to warm to room

temperature before decanting half the contents into a clean 500 ml round bottom flask.

The volume was reduced to ~10 ml via rotary evaporation (cooler=7°C and water

bath=25°C) then the remaining solvent from the original flask was transferred to the new
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flask as well as rinses ofthe Na2S04 with three each of CH2Ch and C6H14. The excess

solvent was rotary evaporated until ~5 ml of solvent remained. The sample was

transferred with two rinses each of CH2Ch and C6H14 to a 5 ml reaction-vial labeled A

and reduced to less than 1 ml under a N2 stream. CH2Ch was added to give a final

volume of 1.0 ml. The sample was mixed well then half the sample was removed and

placed in a 5 ml reaction viallabe1ed B. Both vials were capped, wrapped with Teflon

tape and stored in the refrigerator.

The samples were warmed to room temperature then evaporated to dryness under

a N2 stream before adding 2850 ~l CH30H, 180 ~ll 0 N KOH and 600 ~l Optima H20.

Once dissolved, the solution was checked to assure a pH of 14. The vial was sealed with

Teflon tape then placed on a 95°C dry-bath for two hours with stirring every thirty

minutes on a stir plate. The sample was allowed to cool to room temperature and then

was checked for a pH of 14. The sample was transferred to a 20 ml vial with three rinses

each ofCH30H and C6H14. 3 ml ofC6H14 and 1 ml Optima H20 were added and the

sample was mixed thoroughly. After the phases separated, the C6H14 layer was pipetted

off and the C6H14 extraction was repeated three times. These saponified lipid extract

neutrals were placed in a 20 ml vial and set aside. The remaining H20 phase was

acidified to a pH of 2 by dropwise addition of 6 Nand 2 N HCl. The acidified water was

extracted with four 3 ml additions ofC6H14 and the organic layer was pipetted into a new

20 ml vial labeled "saponified lipid extract-acids." A few scoops ofNa2S04 were added

to the neutral and acid vials before they were capped, wrapped with Teflon and stored in

the freezer overnight.
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Methylation of saponified lipid extract-acids (conversion of fatty acids to FAMEs):

Day 5. The saponified lipid extract-acids fraction (A) and the un-saponified 'is

sample (B) were removed from the freezer and warmed to room temperature. A was

transferred to a new 20 m1 vial with 3 rinses ofC6H14. Excess solvent was evaporated

under a N2 stream to < 1 m1 and transferred to a 5 m1 reaction vial with 3 rinses ofC6H 14.

A and B were then evaporated just to dryness under a N2 stream. 1.5 m1 ofBF3/CH30H

(14% w/v) solution and a Teflon stir bar was added to each vial. The vials were flushed

with N2 then sealed and placed on a stir plate to dissolve the sample. The vials were

placed in a 100°C dry-bath for 2 hours and placed on the stir plate every 30 minutes.

After the samples cooled to room temperature, 2 m1 C6H14 and 1 m1 Optima H20 were

added to each sample and mixed thoroughly. The C6H 14 1ayer was pipetted off into a new

20 m1 vial. The extraction with C6H14 was repeated three times before samples were

reduced to ~1 m1 under a N2 stream. Each sample followed by three minimal rinses of

C6H14 was passed through a Na2S04/quartz wool pipette leading to a 4 m1 vial. The vial

was capped, wrapped in Teflon and stored in the freezer overnight.

Silica-gel column chromatography:

Day 6. The methylated samples were removed from the freezer, allowed to corne

to room temperature and reduced to ~1 m1 under a N2 stream. 4 m1 C6H14 was placed in

the chromatography column and the height to which the solvent reaches was marked.

The column was then filled with C6H14 and silica gel was added to the mark. As the gel

was settling, C6H14 was allowed to drip out ofthe column until the solvent was just above

the gel. A 20 m1 via11abe1ed F1 was placed under the column and 12 m1 of 100% C6H14

was placed in a 50 m1 graduated cylinder. The sample was transferred from the 4 m1 vial
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to the top ofthe column with three 1.3 ml rinses ofC6H14. The stopcock was opened and

the C6H14 level was allowed to drop to just below the top of the gel before the stopcock

was closed. A new vial labeled F2 was placed under the column and eight more

fractionations were performed according to Table 5.

Table 5. Silica-gel column chromatography fraction eluents.

Fraction Eluent 02 mn Typical Compounds*
I Hexane (100%) n-alkanes
2 Toluene/Hexane (25:75) Alkenes, aromatic HC's
3 Toluene/Hexane (50:50) Alkenes, aromatic HC's
4 EtOAc/Hexane (5:95) FAMEs
5 EtOAc/Hexane (10:90) ketones, FAMEs
6 EtOAc/Hexane (15:85) n-alkanols, hopanols, sterols
7 EtOAc/Hexane (20:80) sterols
8 (10 ml) EtOAc (100%) polar material (not analyzed)
9 (10 ml) Methanol (100%) polar material (not analyzed)

* If neutrals were removed during saponification, some of the less polar
compounds will not be present.

Each fraction was rotary-evaporated to near dryness and transferred with three 1

ml C6H14 rinses to 4 ml vials. The vials were capped, wrapped with Teflon tape, and

stored in the freezer until GC/MS preparation and analysis.

GC/MS Preparation and Analysis:

Day 7. Vials containing fractions 1-6 were removed from freezer and allowed to

corne to room temperature then evaporated to <500 Ill. The samples were then brought

up to a final volume of 500 III to 1000 III depending on suspected concentration. For

each fraction, 50 III were placed into labeled GC-ALS vials. A C6H14 blank was prepared

then all fractions and the blank were run on the GC/MS.

Day 8. As determined from the initial run, a fresh 50 III aliquot was removed

from each fraction containing FAMEs and were combined in a GC-ALS vial. This

mixture was evaporated just to dryness under a Nz stream then 50 III C6H14 and 5 III n-C23
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internal standard were added. The new aliquot was run with a FAME quantitation

standard.
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APPENDIX IV

Comparison of Lipid Extraction Methods - FA content (J.1g:mg) for Pinguioco.
pyrenoidosus grown at three steady-state growth rates
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O.04d- 1 O.04d- 1 O.116d- 1 O.116d-1 O.33d- 1 O.329d- 1

200 e 200 e 200 e 200 e 200 e 200 e
A B A B A B

Saturates
C12:0 Lauric Dodecanoic Acid 0.18 1.02 0.10 0.25 0.09 0.11

C13:0 Tridecanoic Acid 0.00 0.00 0.00 0.00 0.00 0.00

C14:0 Myristic Tetradecanoic Acid 26.87 21.59 29.07 23.88 17.91 27.43

C15:0 Pentadecanoic Acid 0.72 0.63 0.44 0.55 0.41 0.52

C16:0 Palmitic Hexadecanoic Acid 19.92 16.42 17.52 14.80 11.35 14.07

C17:0 Margaric Heptadecanoic Acid 0.14 0.12 0.07 0.10 0.08 0.07
C18:0 Stearic Octadecanoic Acid 1.15 0.99 1.05 1.12 0.78 0.77

C20:0 Arachidic Eicosanoic Acid 0.06 0.09 0.00 0.00 0.03 0.00
C21:0 Heneicosanoic Acid 0.00 0.00 0.00 0.00 0.00 0.00

C22:0 Behenic Docosanoic Acid 0.06 0.07 0.00 0.00 0.04 0.00

C23:0 Tricosanoic Acid 0.00 0.00 0.00 0.00 0.00 0.00
C24:0 Lignoceric Tetracosanoic Acid 0.00 0.00 0.00 0.00 0.00 0.00

C28:0 Montanic Octacosanoic Acid 0.00 1.16 0.00 1.33 0.00 1.78
Sum 49.10 42.10 48.24 42.04 30.69 44.76

Monounsaturates
C16:1 Total 4.27 7.17 0.76 2.30 0.40 1.01

C18:1 (n-9) Oleic 9-0ctadecenoic Acid 4.70 6.24 2.45 5.03 1.07 2.15

C18:1 Not oleic 2.18 3.54 0.75 1.71 0.31 0.70

Sum 11.15 16.95 3.96 9.04 1.78 3.85

Polyunsaturates
C16:2 Total 0.00 0.00 0.00 0.00 0.00 0.00

9,12-0ctadecadienoic
C18:2 (n-6) Linoleic Acid 1.52 2.87 1.19 3.70 1.59 3.60

6,9-0ctadecadienoic
C18:2 (n-9) Acid 0.00 0.00 0.00 0.00 0.00 0.00

C18:3 Total 1.72 4.16 0.76 3.85 0.00 1.57
5,8,11,14-

C20:4 (n-6) AA Eicosatetraenoic Acid 2.20 4.25 0.89 3.25 0.63 2.65
5,8,11,14,17-

C20:5 (n-3) EPA Eicosapentaenoic Acid 10.46 21.15 5.21 18.09 3.30 19.05
8,11,14-

C20:3 (n-6) Eicosatrienoic Acid 0.00 1.45 0.00 1.28 0.00 1.27
7,10,13,16-

C22:4 (n-6) Docosatetraenoic Acid 2.01 5.08 0.92 4.43 0.94 3.99
4,7,10,13,16-

C22:5 (n-6) Docosapentaenoic Acid 0.00 22.60 0.00 21.61 0.00 22.81
4,7,10,13,16,19-

C22:6 (n-3) DHA Docosahexaenoic Acid 2.02 3.32 0.83 2.81 0.73 2.48

Sum 19.95 64.89 9.81 59.02 7.19 57.43

Total 80.2 123.9 62.0 110.1 39.7 106.0

57



APPENDIX V

Fatty Acid Data from Growth-Rate, Temperature, Salinity, Buoyancy, and Grow
Out Studies
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FA composition (%total) for Pinguioco. pyrenoidosus grown at five steady-state
growth rates.

0.045d-1 0.12d-1 0.33d-1 0.44d-1 0.60d-1

20GC 20GC 20GC 20GC 20GC

Saturates
C12:0 Lauric Dodecanoic Acid 0.82 0.22 0.11 0.13 0.14

C13:0 Tridecanoic Acid 0.00 0.00 0.00 0.00 0.00

C14:0 Myristic Tetradecanoic Acid 17.42 21.69 25.87 23.56 26.34

C15:0 Pentadecanoic Acid 0.51 0.50 0.49 0.65 0.64

C16:0 Palmitic Hexadecanoic Acid 13.25 13.45 13.27 12.80 12.82

C17:0 Margaric Heptadecanoic Acid 0.10 0.09 0.07 0.10 0.08

C18:0 Stearic Octadecanoic Acid 0.80 1.02 0.72 0.73 0.58

C20:0 Arachidic Eicosanoic Acid 0.07 0.00 0.00 0.00 0.04

C21:0 Heneicosanoic Acid 0.00 0.00 0.00 0.00 0.00

C22:0 Behenic Docosanoic Acid 0.06 0.00 0.00 0.13 0.03

C23:0 Tricosanoic Acid 0.00 0.00 0.00 0.00 0.00

C24:0 Lignoceric Tetracosanoic Acid 0.00 0.00 0.00 0.00 0.00

C28:0 Montanic Octacosanoic Acid 0.93 1.21 1.68 1.65 1.15

Sum 34.0 38.2 42.2 39.7 41.8

Monounsaturates
C16:1 Total 5.78 2.09 0.95 1.43 1.44

C18:1 (n-9) Oleic 9-0ctadecenoic Acid 5.04 4.57 2.02 2.01 1.78

C18:1 Not oleic 2.86 1.56 0.66 0.81 0.74

Sum 13.7 8.2 3.6 4.2 4.0

Polyunsaturates
C16:2 Total 0.00 0.00 0.00 0.00 0.00

9,12-0ctadecadienoic
C18:2 (n-6) Linoleic Acid 2.32 3.36 3.40 4.56 4.50

6,9-0ctadecadienoic
C18:2 (n-9) Acid 0.00 0.00 0.00 0.00 0.00

C18:3 Total 3.36 3.50 1.48 1.42 1.11
5,8,11,14-

C20:4 (n-6) AA Eicosatetraenoic Acid 3.43 2.95 2.50 2.85 3.01
5,8,11,14,17-

C20:5 (n-3) EPA Eicosapentaenoic Acid 17.07 16.43 17.96 16.15 16.95
8,11,14-

C20:3 (n-6) Eicosatrienoic Acid 1.17 1.17 1.20 1.28 1.09
7,10,13,16-

C22:4 (n-6) Docosatetraenoic Acid 4.10 4.02 3.76 3.88 3.98
4,7,10,13,16-

C22:5 (n-6) DPA Docosapentaenoic Acid 18.23 19.63 21.51 23.23 21.38
4,7,10,13,16,19-

C22:6 (n-3) DHA Docosahexaenoic Acid 2.68 2.55 2.34 2.65 2.19

Sum 52.4 53.6 54.2 56.0 54.2
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FA content (~g:mg) for Pinguioco. pyrenoidosus grown at five steady-state
growth rates.

0.045d-1 0.12d-1 0.329d-1 0.44d-1 0.60d-1

20DC 20DC 20DC 20DC 20DC

Saturates
C12:0 Lauric Dodecanoic Acid 1.02 0.25 0.11 0.10 0.11

C13:0 Tridecanoic Acid 0.00 0.00 0.00 0.00 0.00

C14:0 Myristic Tetradecanoic Acid 21.59 23.88 27.43 18.50 19.69

C15:0 Pentadecanoic Acid 0.63 0.55 0.52 0.51 0.48

C16:0 Palmitic Hexadecanoic Acid 16.42 14.80 14.07 10.05 9.58

C17:0 Margaric Heptadecanoic Acid 0.12 0.10 0.07 0.07 0.06

C18:0 Stearic Octadecanoic Acid 0.99 1.12 0.77 0.57 0.44

C20:0 Arachidic Eicosanoic Acid 0.09 0.00 0.00 0.00 0.03

C21:0 Heneicosanoic Acid 0.00 0.00 0.00 0.00 0.00

C22:0 Behenic Docosanoic Acid 0.07 0.00 0.00 0.10 0.02

C23:0 Tricosanoic Acid 0.00 0.00 0.00 0.00 0.00

C24:0 Lignoceric Tetracosanoic Acid 0.00 0.00 0.00 0.00 0.00

C28:0 Montanic Octacosanoic Acid 1.16 1.33 1.78 1.30 0.86

Sum 42.10 42.04 44.76 31.20 31.26

Monounsaturates
C16:1 Total 7.17 2.30 1.01 1.12 1.08

C18:1 (n-9) Oleic 9-0ctadecenoic Acid 6.24 5.03 2.15 1.58 1.33

C18:1 Not oleic 3.54 1.71 0.70 0.63 0.55

Sum 16.95 9.04 3.85 3.34 2.96

Polyunsaturates
C16:2 Total 0.00 0.00 0.00 0.00 0.00

C18:2 (n-6) Linoleic 9,12-0ctadecadienoic Acid 2.87 3.70 3.60 3.58 3.37

C18:2 (n-9) 6,9-0ctadecadienoic Acid 0.00 0.00 0.00 0.00 0.00

C18:3 Total 4.16 3.85 1.57 1.11 0.83

C20:4 (n-6) AA 5,8,11,14-Eicosatetraenoic Acid 4.25 3.25 2.65 2.24 2.25

C20:5 (n-3) EPA 5,8,11 ,14,17-Eicosapentaenoic Acid 21.15 18.09 19.05 12.68 12.67

C20:3 (n-6) 8,11,14-Eicosatrienoic Acid 1.45 1.28 1.27 1.00 0.82

C22:4 (n-6) 7,10,13,16-Docosatetraenoic Acid 5.08 4.43 3.99 3.04 2.98

C22:5 (n-6) DPA 4,7,10,13,16-Docosapentaenoic Acid 22.60 21.61 22.81 18.24 15.98

C22:6 (n-3) DHA 4,7,10,13,16,19-Docosahexaenoic Acid 3.32 2.81 2.48 2.08 1.64

Sum 64.89 59.02 57.43 43.98 40.53

Total 123.9 110.1 106.0 78.5 74.7
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FA composition (% total) for Pinguioco. pyrenoidosus grown at a steady-state
growth rate of 0.12 d-1 at three temperatures.

O.12d-1 O.12d- 1 O.12d- 1

15°e 200 e 25°e

Saturates
C12:0 Lauric Dodecanoic Acid 0.15 0.22 0.16

C13:0 Tridecanoic Acid 0.04 0.00 0.00

C14:0 Myristic Tetradecanoic Acid 18.49 21.69 33.06

C15:0 Pentadecanoic Acid 0.48 0.50 0.50
C16:0 Palmitic Hexadecanoic Acid 9.62 13.45 20.74

C17:0 Margaric Heptadecanoic Acid 0.05 0.09 0.09
C18:0 Stearic Octadecanoic Acid 0.39 1.02 1.82
C20:0 Arachidic Eicosanoic Acid 0.00 0.00 0.22
C21:0 Heneicosanoic Acid 0.00 0.00 0.00
C22:0 Behenic Docosanoic Acid 0.00 0.00 0.20

C23:0 Tricosanoic Acid 0.00 0.00 0.00
C24:0 Lignoceric Tetracosanoic Acid 0.00 0.00 0.00
C28:0 Montanic Octacosanoic Acid 0.71 1.21 0.99
Sum 29.9 38.2 57.8

Monounsaturates
C16:1 Total 2.32 2.09 0.78
C18:1 (n-9) Oleic 9-0ctadecenoic Acid 2.82 4.57 2.67
C18:1 Not oleic 0.61 1.56 1.12

Sum 5.8 8.2 4.6

Polyunsaturates
C16:2 Total 0.00 0.00 0.00
C18:2 (n-6) Linoleic 9,12-0ctadecadienoic Acid 2.08 3.36 3.45
C18:2 (n-9) 6,9-0ctadecadienoic Acid 0.00 0.00 0.00
C18:3 Total 2.28 3.50 1.91
C20:4 (n-6) AA 5,8,11,14-Eicosatetraenoic Acid 3.53 2.95 1.58
C20:5 (n-3) EPA 5,8,11,14,17-Eicosapentaenoic Acid 21.00 16.43 11.37
C20:3 (n-6) 8,1l,14-Eicosatrienoic Acid 1.59 1.17 1.04
C22:4 (n-6) 7,10,13,16-Docosatetraenoic Acid 5.74 4.02 2.31
C22:5 (n-6) DPA 4,7,10,13,16-Docosapentaenoic Acid 24.07 19.63 14.33

4,7,10,13,16,19-Docosahexaenoic
C22:6 (n-3) DHA Acid 4.02 2.55 1.61

Sum 64.3 53.6 37.6
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FA content (Ilg:mg) for Pinguioco. pyrenoidosus grown at a steady-state growth
rate of 0.12 d- I at three temperatures.

0.12d- 1 0.12d- 1 0.12d- 1

15°C 20°C 25°C

Saturates
C12:0 Lauric Dodecanoic Acid 0.22 0.25 0.21

C13:0 Tridecanoic Acid 0.07 0.00 0.00

C14:0 Myristic Tetradecanoic Acid 27.68 23.88 42.99

C15:0 Pentadecanoic Acid 0.72 0.55 0.65
C16:0 Palmitic Hexadecanoic Acid 14.41 14.80 26.98

C17:0 Margaric Heptadecanoic Acid 0.08 0.10 0.12

C18:0 Stearic Octadecanoic Acid 0.59 1.12 2.36

C20:0 Arachidic Eicosanoic Acid 0.00 0.00 0.29
C2LO Heneicosanoic Acid 0.00 0.00 0.00

C22:0 Behenic Docosanoic Acid 0.00 0.00 0.26

C23:0 Tricosanoic Acid 0.00 0.00 0.00
C24:0 Lignoceric Tetracosanoic Acid 0.00 0.00 0.00

C28:0 Montanic Octacosanoic Acid 1.06 1.33 1.29

Sum 44.83 42.04 75.14

Monounsaturates
C16:1 Total 3.47 2.30 1.01

C18:1 (n-9) Oleic 9-0ctadecenoic Acid 4.23 5.03 3.47
C18:1 Not oleic 0.92 1.71 1.46

Sum 8.61 9.04 5.94

Polyunsaturates
C16:2 Total 0.00 0.00 0.00

C18:2 (n-6) Linoleic 9, 12-0ctadecadienoic Acid 3.11 3.70 4.48

C18:2 (n-9) 6,9-0ctadecadienoic Acid 0.00 0.00 0.00
C18:3 Total 3.41 3.85 2.48

C20:4 (n-6) AA 5,8,11,14-Eicosatetraenoic Acid 5.28 3.25 2.05
C20:5 (n-3) EPA 5,8,11,14,17-Eicosapentaenoic Acid 31.44 18.09 14.78

C20:3 (n-6) 8,11,14-Eicosatrienoic Acid 2.39 1.28 1.35

C22:4 (n-6) 7,10,13,16-Docosatetraenoic Acid 8.59 4.43 3.00
C22:5 (n-6) DPA 4,7,10,13,16-Docosapentaenoic Acid 36.04 21.61 18.63

C22:6 (n-3) DHA 4,7,10, 13,16,19-Docosahexaenoic Acid 6.01 2.81 2.10

Sum 96.28 59.02 48.88

Total 149.7 110.1 130.0
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FA composition (% total) for Pinguioco. pyrenoidosus grown at three salinities
(M Na+).

0.3 0.5 0.8

Saturates
C12:0 Lauric Dodecanoic Acid 0.0 0.0 0.0

C13:0 Tridecanoic Acid 0.0 0.0 0.0

C14:0 Myristic Tetradecanoic Acid 45.7 45.3 45.0

C15:0 Pentadecanoic Acid 0.8 0.7 0.8

C16:0 Palmitic Hexadecanoic Acid 30.9 30.9 30.6

C17:0 Margaric Heptadecanoic Acid 0.0 0.0 0.0

C18:0 Stearic Octadecanoic Acid 1.4 1.4 1.4

C20:0 Arachidic Eicosanoic Acid 0.0 0.0 0.0

C21:0 Heneicosanoic Acid 0.0 0.0 0.0

C22:0 Behenic Docosanoic Acid 0.0 0.0 0.0

C23:0 Tricosanoic Acid 0.0 0.0 0.0

C24:0 Lignoceric Tetracosanoic Acid 0.0 0.0 0.0

C28:0 Montanic Octacosanoic Acid 0.0 0.0 0.0

Sum 78.8 78.3 77.8

Monounsaturates
C16:1 Total 0.6 0.5 0.6

C18:1 (n-9) Oleic 9-0ctadecenoic Acid 3.7 3.8 3.8

C18:1 Not oleic 0.0 0.0 0.0

Sum 4.3 4.3 4.4

Polyunsaturates
C16:2 Total 0.0 0.0 0.0

C18:2 (n-6) Linoleic 9, 12-0ctadecadienoic Acid 4.5 4.6 4.7

C18:2 (n-9) 6,9-0ctadecadienoic Acid 0.0 0.0 0.0

C18:3 Total 0.0 0.0 0.0

C20:4 (n-6) AA 5,8,11,14-Eicosatetraenoic Acid 1.5 1.6 1.7

C20:5 (n-3) EPA 5,8,11 ,14,17-Eicosapentaenoic Acid 3.9 4.0 4.2

C20:3 (n-6) 8,11,14-Eicosatrienoic Acid 0.0 0.0 0.0

C22:4 (n-6) 7,10,13, 16-Docosatetraenoic Acid 0.0 0.0 0.0

C22:5 (n-6) DPA 4,7,10,13,16-Docosapentaenoic Acid 7.0 7.1 7.2

C22:6 (n-3) DHA 4,7,10,13,16,19-Docosahexaenoic Acid 0.0 0.0 0.0

Sum 16.9 17.3 17.8
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FA composition (% total) for Pinguioco. pyrenoidosus in buoyant cells and
sinking cells.

b negativelyuoyant
buoyant

Saturates
C12:0 Lauric Dodecanoic Acid 0.0 0.0

C13:0 Tridecanoic Acid 0.0 0.0

C14:0 Myristic Tetradecanoic Acid 51.4 51.5

C15:0 Pentadecanoic Acid 0.8 1.0

C16:0 Palmitic Hexadecanoic Acid 27.5 26.4

C17:0 Margaric Heptadecanoic Acid 0.0 0.0

C18:0 Stearic Octadecanoic Acid 1.1 1.1

C20:0 Arachidic Eicosanoic Acid 0.0 0.0
C2l:0 Heneicosanoic Acid 0.0 0.0
C22:0 Behenic Docosanoic Acid 0.0 0.0

C23:0 Tricosanoic Acid 0.0 0.0

C24:0 Lignoceric Tetracosanoic Acid 0.0 0.0

C28:0 Montanic Octacosanoic Acid 0.0 0.0
Sum 80.8 80.0

Monounsaturates
C16:1 Total 0.9 1.3

C18:1 (n-9) Oleic 9-0ctadecenoic Acid 5.3 7.7

C18:1 Not oleic 0.0 0.0

Sum 6.2 9.0

Polyunsaturates
C16:2 Total 0.0 0.0

C18:2 (n-6) Linoleic 9, 12-0ctadecadienoic Acid 4.1 4.7

C18:2 (n-9) 6,9-0ctadecadienoic Acid 0.0 0.0

C18:3 Total 0.0 0.0

C20:4 (n-6) AA 5,8,11,14-Eicosatetraenoic Acid 1.4 1.1
C20:5 (n-3) EPA 5,8,11,14,17-Eicosapentaenoic Acid 2.8 1.4

C20:3 (n-6) 8,11,14-Eicosatrienoic Acid 0.0 0.0

C22:4 (n-6) 7,10,13,16-Docosatetraenoic Acid 0.0 0.0

C22:5 (n-6) DPA 4,7,10,13, 16-Docosapentaenoic Acid 4.5 3.8
C22:6 (n-3) DHA 4,7, 10,13,16,19-Docosahexaenoic Acid 0.0 0.0

Sum 12.8 11.0
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FA content (/-lg:mg) for Pinguioco. pyrenoidosus in buoyant cells and sinking
cells.

B Negatively
uoyant b tuoyan

Saturates
C12:0 Lauric Dodecanoic Acid 0.00 0.000

C13:0 Tridecanoic Acid 0.00 0.000

C14:0 Myristic Tetradecanoic Acid 68.89 42.446

C15:0 Pentadecanoic Acid 1.05 0.834

C16:0 Palmitic Hexadecanoic Acid 36.90 21.766

C17:0 Margaric Heptadecanoic Acid 0.00 0.000

C18:0 Stearic Octadecanoic Acid 1.51 0.900

C20:0 Arachidic Eicosanoic Acid 0.00 0.000

C21:0 Heneicosanoic Acid 0.00 0.000
C22:0 Behenic Docosanoic Acid 0.00 0.000

C23:0 Tricosanoic Acid 0.00 0.000

C24:0 Lignoceric Tetracosanoic Acid 0.00 0.000

C28:0 Montanic Octacosanoic Acid 0.00 0.000
Sum 108.36 65.95

Monounsaturates
C16:1 Total 1.26 1.095

C18:1 (n-9) Oleic 9-0ctadecenoic Acid 7.15 6.334

C18:1 Not oleic 0.00 0.000

Sum 8.41 7.43

Polyunsaturates
C16:2 Total 0.00 0.00
C18:2 (n-6) Linoleic 9,12-0ctadecadienoic Acid 5.47 3.885

C18:2 (n-9) 6,9-0ctadecadienoic Acid 0.00 0.00

C18:3 Total 0.00 0.000

C20:4 (n-6) AA 5,8,11,14-Eicosatetraenoic Acid 1.94 0.869
C20:5 (n-3) EPA 5,8,11,14,17-Eicosapentaenoic Acid 3.72 1.142

C20:3 (n-6) 8,11,14-Eicosatrienoic Acid 0.00 0.000
C22:4 (n-6) 7,10,13,16-Docosatetraenoic Acid 0.00 0.000

C22:5 (n-6) DPA 4,7,10,13,16-Docosapentaenoic Acid 6.07 3.171

C22:6 (n-3)DHA 4,7,10,13,16,19-Docosahexaenoic Acid 0.00 0.000

Sum 17.20 9.07

Total 133.97 82.44
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FA composition (% total) for Pinguioco. pyrenoidosus in exponential phase
growth (Day 6) and stationary phase growth (Days 11,20 and 35).

Day 6 Day 11 Day 20 Day 35

Saturates
C12:0 Lauric Dodecanoic Acid 0.20 0.12 0.11 0.10

C13:0 Tridecanoic Acid 0.00 0.00 0.00 0.00
C14:0 Myristic Tetradecanoic Acid 45.59 40.99 32.37 22.64
C15:0 Pentadecanoic Acid 0.57 0.66 0.72 0.91
C16:0 Palmitic Hexadecanoic Acid 21.79 24.25 21.85 17.71

C17:0 Margaric Heptadecanoic Acid 0.05 0.03 0.06 0.15
C18:0 Stearic Octadecanoic Acid 0.84 1.77 1.75 1.34

C20:0 Arachidic Eicosanoic Acid 0.00 0.04 0.18 0.20
C21:0 Heneicosanoic Acid 0.00 0.00 0.00 0.00
C22:0 Behenic Docosanoic Acid 0.00 0.00 0.00 0.06
C23:0 Tricosanoic Acid 0.00 0.00 0.00 0.00
C24:0 Lignoceric Tetracosanoic Acid 0.00 0.00 0.00 0.00

C28:0 Montanic Octacosanoic Acid 0.66 1.82 1.28 0.35
Sum 69.70 69.68 58.32 43.46

Monounsaturates
C16:1 Total 0.49 0.48 0.46 0.52
C18:1 (n-9) Oleic 9-0ctadecenoic Acid 1.64 1.74 2.01 5.49
C18:1 Not oleic 0.68 0.87 1.25 1.00
Sum 2.81 3.09 3.72 7.01

Polyunsaturates
C16:2 Total 0.00 0.00 0.00 0.00
C18:2 (n-6) Linoleic 9,12-0ctadecadienoic Acid 4.90 4.08 3.74 1.86
C18:2 (n-9) 6,9-0ctadecadienoic Acid 0.00 0.00 0.00 0.00
C18:3 Total 0.14 0.09 0.67 2.12
C20:4 (n-6) AA 5,8,11,14-Eicosatetraenoic Acid 0.75 0.80 2.03 4.69
C20:5 (n-3) EPA 5,8,1 1,14,17-Eicosapentaenoic Acid 10.43 11.03 16.27 18.93
C20:3 (n-6) 8,11,14-Eicosatrienoic Acid 0.11 0.07 0.84 1.17
C22:4 (n-6) 7,10,13,16-Docosatetraenoic Acid 0.57 0.84 1.81 3.20
C22:5 (n-6) DPA 4,7,10,13, 16-Docosapentaenoic Acid 9.71 9.35 11.18 15.33
C22:6 (n-3) DHA 4,7,10,13,16, 19-Docosahexaenoic Acid 0.89 0.97 1.51 2.24
Sum 27.50 27.23 38.05 49.54
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FA content (Ilg:mg) for Pinguioco. pyrenoidosus in exponential phase growth
(Day 6) and stationary phase growth (Days 11, 20 and 35).

Grow-out Grow-out Grow-out Grow-out
Day 6 Day 11 Day 20 Day 35

Saturates
C12:0 Lauric Dodecanoic Acid 0.22 0.18 0.18 0.25

C13:0 Tridecanoic Acid 0.00 0.00 0.00 0.00

C14:0 Myristic Tetradecanoic Acid 50.43 62.37 49.96 56.45

C15:0 Pentadecanoic Acid 0.63 1.01 1.11 2.26

C16:0 Palmitic Hexadecanoic Acid 24.10 36.90 33.83 43.98

C17:0 Margaric Heptadecanoic Acid 0.05 0.04 0.09 0.38

C18:0 Stearic Octadecanoic Acid 0.93 2.70 2.70 3.34

C20:0 Arachidic Eicosanoic Acid 0.00 0.05 0.27 0.49

C21:0 Heneicosanoic Acid 0.00 0.00 0.00 0.00

C22:0 Behenic Docosanoic Acid 0.00 0.00 0.00 0.14

C23:0 Tricosanoic Acid 0.00 0.00 0.00 0.00

C24:0 Lignoceric Tetracosanoic Acid 0.00 0.00 0.00 0.00

C28:0 Montanic Octacosanoic Acid 0.73 2.77 1.98 0.87

Sum 77.09 106.02 90.13 108.16

Monounsaturates
C16:1 Total 0.54 0.73 0.72 1.29

C18:1 (n-9) Oleic 9-0ctadecenoic Acid 0.75 1.32 1.94 2.49

C18:1 Not oleic 1.81 2.64 3.12 13.63

Sum 3.11 4.70 5.78 17.42

Polyunsaturates
C16:2 Total 0.00 0.00 0.00 0.00

C18:2 (n-6) Linoleic 9, 12-0ctadecadienoic Acid 5.41 6.21 5.78 4.61

C18:2 (n-9) 6,9-0ctadecadienoic Acid 0.00 0.00 0.00 0.00

C18:3 Total 0.15 0.13 1.04 5.27

C20:4 (n-6) AA 5,8,11,14-Eicosatetraenoic Acid 0.83 1.22 3.14 11.64

C20:5 (n-3) EPA 5,8,11 ,14,17-Eicosapentaenoic Acid 11.54 16.79 25.19 47.02

C20:3 (n-6) 8,11,14-Eicosatrienoic Acid 0.13 0.11 1.31 2.90

C22:4 (n-6) 7,10,13,16-Docosatetraenoic Acid 0.63 1.27 2.81 7.95

C22:5 (n-6) DPA 4,7,10,13,16-Docosapentaenoic Acid 10.74 14.23 17.31 38.08

C22:6 (n-3) DHA 4,7,10,13,16,19-Docosahexaenoic Acid 0.98 1.48 2.34 5.57

Sum 30.41 41.43 58.91 123.04

Total 110.6 152.2 154.8 248.6
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